Hoffman MS, Nichols NL, Macfarlane PM, Mitchell GS. Phrenic long-term facilitation after acute intermittent hypoxia requires spinal ERK activation but not TrkB synthesis. Acute intermittent hypoxia (AIH) elicits a form of spinal respiratory plasticity known as phrenic long-term facilitation (pLTF). pLTF requires spinal serotonin receptor-2 activation, the synthesis of new brain-derived neurotrophic factor (BDNF), and the activation of its high-affinity receptor tyrosine kinase, TrkB. Spinal adenosine 2A receptor activation elicits a distinct pathway to phrenic motor facilitation (pMF); this BDNF synthesisindependent pathway instead requires new synthesis of an immature TrkB isoform. Since hypoxia increases extracellular adenosine levels, we tested the hypothesis that new synthesis of TrkB and BDNF contribute to AIH-induced pLTF. Furthermore, given that signaling mechanisms "downstream" from TrkB are unknown in either mechanism, we tested the hypothesis that pLTF requires MEK/ERK and/or phosphatidylinositol 3-kinase (PI3K)/Akt activation. In anesthetized Sprague-Dawley rats, an intrathecal catheter at cervical level 4 was used to deliver drugs near the phrenic motor nucleus. Since pLTF was blocked by spinal injections of small interfering RNAs targeting BDNF mRNA but not TrkB mRNA, only new BDNF synthesis is required for AIH-induced pLTF. Pretreatment with a MEK inhibitor (U0126) blocked pLTF, whereas a PI3K inhibitor (PI-828) had no effect. Thus, AIH-induced pLTF requires MEK/ERK (not PI3K/AKT) signaling pathways. When U0126 was injected post-AIH, pLTF development was halted but not reversed, suggesting that ERK is critical for the development but not maintenance of pLTF. Thus, there are clear mechanistic distinctions between AIH-induced pLTF (i.e., BDNF synthesis and MEK/ERK dependent) versus adenosine 2A receptor-induced pMF (i.e., TrkB synthesis and PI3K/Akt dependent). respiratory plasticity; brain-derived neurotrophic factor; TrkB; extracellular signal-regulated kinase; respiratory control
THE NEURAL SYSTEM controlling breathing exhibits considerable plasticity in response to environmental and physiological perturbations (13) . One frequently studied model of respiratory plasticity is observed after exposure to acute intermittent hypoxia (AIH). AIH elicits long-lasting facilitation of phrenic motor output, an effect known as phrenic long-term facilitation (pLTF) (13) . A hallmark of pLTF is that it requires episodic versus continuous hypoxia (1, 39) . In our working model of pLTF, AIH repeatedly activates medullary raphe serotonergic neurons (42) , releasing serotonin (5-HT) in the phrenic motor nucleus (23) , where it activates 5-HT 2 receptors on or near phrenic motor neurons (23) . Indeed, spinal 5-HT receptor activation is both necessary (4) and sufficient (30) for pLTF. Episodic 5-HT receptor activation initiates new synthesis of brain-derived neurotrophic factor (BDNF), subsequently acti-vating its high-affinity receptor, TrkB (2) . The signaling pathways downstream from TrkB are unknown.
A distinct mechanism of long-lasting phrenic motor facilitation (pMF) results from the activation of spinal metabotropic receptors coupled to G s proteins, such as the adenosine 2A (A 2A ) receptor (26) or 5-HT 7 receptors (29) . A 2A receptor agonist-induced pMF is independent of 5-HT receptor activation and new BDNF synthesis (16) ; instead, it requires new synthesis of an immature TrkB isoform believed to autoactivate and signal from within phrenic motor neurons (16, 20, 28) . Because adenosine released into the extracellular space during hypoxia (18) may activate A 2A receptors, we wondered whether immature TrkB signaling contributes to AIH-induced pLTF.
Once activated, TrkB signals via multiple cascades, including Ras/MAPK, phosphatidylinositol 3-kinase (PI3K), and phospholipase C-␥ (49) . In cultured spinal motor neurons, TrkB receptors signal predominantly via ERK and/or PI3K/ PKB [phospho-Akt (25) ]. ERK and PI3K/Akt signaling have been implicated in respiratory neural plasticity. For example, AIH increases phosphorylation and activation of ERK in the ventral cervical spinal cord encompassing the phrenic motor nucleus (54) . Furthermore, repetitive AIH exposure upregulates ERK and phospho-ERK protein levels within presumptive phrenic motor neurons (47) . On the other hand, spinal A 2A receptor activation increases Akt phosphorylation in the ventral cervical spinal cord (16) , an effect attributed to increased immature TrkB signaling (16, 53) . Thus, we wondered whether Akt and/or ERK signaling contribute to AIH-induced pLTF.
Here, we tested the hypotheses that new synthesis of immature TrkB and TrkB signaling via both ERK and Akt contribute to AIH-induced pLTF. Whereas we confirmed that new BDNF synthesis is necessary for AIH-induced pLTF, no evidence was found that new TrkB synthesis plays a role. Furthermore, whereas inhibition of cervical spinal ERK activation blocked AIH-induced pLTF, inhibition of Akt activation had no effect. Finally, whereas ERK activation was necessary for pLTF initiation and development, continued ERK activation was not necessary for pLTF maintenance.
METHODS

Animals.
All experiments were performed on adult (3-6 mo, n ϭ 110) male Sprague-Dawley rats (280 -450 g, colonies 217 and 218a, Harlan, Indianapolis, IN). In the first experimental series, small interfering (si)RNAs were spinally injected targeting BDNF (siBDNF) or TrkB (siTrkB) mRNA to prevent the translation and new synthesis of BDNF or TrkB protein, respectively; these injections enabled us to test the hypothesis that AIH-induced pLTF requires new TrkB synthesis in anesthetized rats. In the second series of experiments, spinal injections of selective inhibitors for MEK/ERK (U0126, IC 50: ϳ0.065 M) (10) and PI3K/Akt (PI-828, IC50: ϳ0.098 M) (15) were used to test their involvement in AIH-induced pLTF. Since pretreatment with the MEK/ERK inhibitor U0126 but not the PI3K/ Akt inhibitor PI-828 blocked pLTF, we tested whether continued MEK/ERK activation is necessary for pLTF maintenance by spinally injecting U0126 after the final hypoxic episode in a third series of experiments.
All procedures were approved by the Institutional Animal Care and Use Committee of the School of Veterinary Medicine of theUniversity of Wisconsin (Madison, WI) and are in compliance with the policies and regulations outlined by the American Physiological Society.
Surgical preparation. Anesthesia was induced with isoflurane (2.5-3.5% in 50% O 2-balance N2), and isoflurane was continued during surgical preparations. Once surgical procedures were completed, rats were converted to urethane anesthesia by slow intravenous injections over 15 min (1.8 g/kg). Adequate anesthetic depth was tested by lack of blood pressure (pressor) or respiratory neural responses to toe pinch with a hemostat. After conversion to urethane anesthesia, a continuous infusion (4 -6.5 ml·kg Ϫ1 ·h Ϫ1 ) of 6% Hetastarch (artificial colloid composed and dissolved in 0.9% normal saline) and lactated Ringer solution (1:4 mixture, respectively) was implemented to maintain appropriate blood volume, fluid balance, and acid-base status. A tracheal cannula was placed in the neck to enable artificial ventilation (Rodent Respirator, model 683, Harvard Apparatus, Holliston, MA, tidal volume: 2.5 ml, variable frequency). A rapidly responding flow-through CO 2 analyzer (Capnogard, Novametrix, Wallingford, CT) was placed on the expired limb of a Y-tube connected to the tracheal cannula to enable measurements of end-tidal PCO2 (PETCO 2 ). The vagus nerves were cut in the midcervical region to prevent entrainment of respiratory neural activity with the ventilator. During ventilation, rats were paralyzed with pancuronium bromide (2.5 mg/ kg). A polyethylene (PE) catheter (PE-50, Intramedic) was placed in the right femoral artery, and blood pressure was monitored with a pressure transducer (P23ID, Gould). A three-way stop-cock, attached to the arterial catheter, was used to withdraw blood samples (0.2-0.4 ml) for blood gas analysis (ABL-500, Radiometer, Copenhagen, Denmark); during an experiment, blood gas determinations were made during baseline conditions, during the first hypoxic episode, and Values are means Ϯ SE. PaCO 2 , arterial PCO2; PaO 2 , arterial PO2; MAP, mean arterial pressure; AIH, acute intermittent hypoxia; siBDNF, small interfering (si)RNA targeting brain-derived neurotrophic factor; siTrkB, siRNA targeting TrkB. *Significantly different than baseline; †significantly different than vehicle (with AIH); ‡significantly different than vehicle (without AIH) (P Ͻ 0.05). , small interfering (si)RNAs targeting TrkB (siTrkB; n ϭ 8), siRNA targetting brain-derived neurotrophic factor (siBDNF; n ϭ 9), MEK inhibitor (U0126, n ϭ 9), or phosphatidylinositol 3-kinase (PI3K) inhibitor (PI-828; n ϭ 6) and rats that received post-AIH injections of vehicle (n ϭ 8) and U0126 (n ϭ 8) are shown. Phrenic burst amplitudes increased from baseline in all groups, although no between-group differences were detected. ͐Phr, integrated phrenic. Values are means Ϯ SE. #Significantly ifferent from baseline (P Ͻ 0.05). at 15, 30, and 60 min post-AIH (with an additional 90 min in the third experimental series). Body temperature was monitored with a rectal thermometer (Fischer Scientific) and maintained (37.5 Ϯ 1°C) with a heated surgical table.
Peak integrated phrenic burst amplitude strongly correlates with tidal volume and respiratory muscle activity in spontaneously breathing animals (11) . Therefore, we used this index to quantify changes in respiratory neural output. The left phrenic nerve was isolated using a dorsal approach, cut distally, desheathed, and placed on bipolar silver electrodes to record respiratory neural activity. Phrenic nerve signals were amplified (100,000ϫ), bandpass filtered (300 -10,000 Hz, model 1800, A-M Systems, Carlsborg, WA), and rectified and integrated (Paynter filter, time constant: 50 ms, CWE, MA-821, Ardmore, PA). The resulting integrated nerve bursts were digitized (8,000 Hz) and analyzed using a WINDAQ data-acquisition system (DATAQ Instruments, Akron, OH). After completion of the surgical preparation and conversion to urethane anesthesia, rats were allowed a minimum of 1 h to stabilize before an experimental protocol was begun.
An intrathecal catheter was placed in the cervical region to enable localized siRNA and drug delivery. The spinal column was exposed dorsally followed by a laminectomy at cervical level 2, where a small incision was made in the dura. A soft silicone catheter (2-Fr, Access Technologies) was inserted caudally through the incision until the tip was located at approximately cervical level 4 (C4). The catheter was attached to a 50-l Hamilton syringe filled with drug solutions (see treatment groups below) to allow localized drug injections into the cervical spinal region.
Experimental protocol. At least 1 h after the conversion to urethane anesthesia, apneic and recruitment thresholds were determined by increasing ventilation and lowering PET CO 2 until rhythmic nerve bursts could no longer be detected (apneic threshold). After 1 min, the ventilator rate was slowly decreased and/or inspired CO2 was slowly Pretreatment with siTrkB did not inhibit phrenic long-term facilitation (pLTF) compared with vehicle-treated rats exposed to AIH. siBDNF inhibited pLTF versus vehicle, time control experiments. MAP, mean arterial pressure.
increased until rhythmic nerve bursts resumed (i.e., recruitment threshold). Baseline conditions were then established by holding PET CO 2 ϳ 2 mmHg above the recruitment threshold until neural activity had stabilized (Ն15 min). An arterial blood sample was then taken to document baseline blood gas levels. Arterial PCO 2 (PaCO 2 ) was maintained isocapnic (Ϯ1.5 mmHg) with respect to baseline by manipulating inspired CO 2 and/or the ventilation rate. Subsets of rats received intrathecal vehicle (siRNA universal buffer or saline-10% DMSO) or drug injections (see treatment groups below); injections were made slowly over 1 min before the first hypoxic episode (or equivalent time for control groups) and shortly after the final hypoxic episode in AIH-treated rats. AIH consisted of three 5-min episodes of isocapnic (Ϯ1.5 mmHg) hypoxia [10% inspired O 2, arterial PO2 (PaO 2 ): 35-45 mmHg] separated by 5-min intervals of baseline O 2 conditions (50% inspired O2, Pa O 2 : Ն150 mmHg). After the third hypoxic episode, rats were returned to baseline inspired O 2 levels and maintained for the duration of an experiment. To test the hypothesis that new spinal TrkB and/or BDNF synthesis are required for AIH-induced pLTF, siRNAs targeting BDNF and TrkB mRNA were injected via an intrathecal catheter over the cervical spinal cord (ϳC4) to inhibit new BDNF and TrkB protein synthesis in the vicinity of the phrenic motor nucleus.
Rats receiving siRNAs were surgically prepared as described above. A pool of siRNAs targeting TrkB mRNA was used to determine the role of newly synthesized TrkB protein in AIH-induced pLTF. TrkB siRNAs were obtained as a pool of four 21-nucleotide duplexes (ON-TARGET plus, Dharmacon, Lafayette, CO gene, NTRK2, GenBank Accession No. NM 012731); this same pool has been shown to effectively block new TrkB synthesis in an earlier study (16) from our laboratory using the same experimental preparation. We also used a pool of siRNAs targeting BDNF to verify that AIH-induced pLTF required new BDNF synthesis and to provide an internal positive control for siRNAs; these same BDNF siRNA sequences have previously been shown to prevent new synthesis of spinal BDNF in the same experimental preparation (2) . siRNAs were reconstituted with siRNA universal buffer (Dharmacon) and stored at Ϫ20°C. Stock TrkB siRNAs (4 l of 5 M solution) were combined with the transfection reagent, oligofectamine (16 l, Invitrogen, Carlsbad, CA), and RNase-free water (180 l, final concentration: 100 nM) and incubated at room temperature for 20 min. Stock BDNF siRNAs (1.25 M) were also diluted in oligofectamine and RNasefree before injection (final concentration: 100 nM). siRNAs were slowly injected over the C4 spinal segment via an intrathecal catheter (2-and 10-l injections separated by 10 min) 2 h before baseline measurements and AIH exposures were performed.
In the second and third experimental series, an intrathecal catheter was used to pretreat rats 20 min before AIH exposures with a PI3K inhibitor (PI-828, 100 M, 12 l, Tocris Bioscience) or a MEK inhibitor (U0126, 100 M, 12 l, Tocris Bioscience). In the final experimental series, rats received an intrathecal injection of U0126 (100 M, 12 l) immediately (Ͻ5 min) after the final hypoxic episode.
Data analysis. Nerve recordings were analyzed using custom software (LabView 6.1, National Instruments, Austin, TX, courtesy of Dr. S. Mahamed). Statistical comparisons between treatment groups for mean arterial pressures (MAPs), PaCO 2 , and PaO 2 were made using two-way ANOVA with a repeated-measures design. Integrated phrenic nerve burst amplitude and burst frequency were averaged over 1-min bins at each experimental time point (baseline and 15, 30, 60, and 90 min). Changes in nerve burst amplitude were normalized as a percentage of baseline. Nerve burst frequency was expressed as an absolute change from baseline (in bursts/min). Comparisons for nerve activity (amplitude and frequency) were made using two-way ANOVA with a repeated-measures design. Since no differences were detected between hypoxic exposures within groups (data not shown), comparisons were made using two-way ANOVA of phrenic burst amplitude during the fifth minute of hypoxic episodes averaged from all three episodes. All individual comparisons were made using the Student-Neuman-Keuls post hoc test (SigmaStat version 2.03, Jandel Scientific, St. Louis, MO). Differences between groups were considered significant if P Ͻ 0.05. All values are expressed as means Ϯ SE.
RESULTS
Blood gases and MAPs. Measurements of Pa CO 2 and Pa O 2 during baseline, hypoxia, and 60 and 90 min post-AIH were similar in all experimental groups. Since arterial CO 2 was actively maintained within 1.5 mmHg of baseline, isocapnia was observed at post-AIH time points (see Table 1 ). During hypoxic episodes, Pa O 2 decreased (ϳ40 mmHg) but returned to baseline levels (Pa O 2 : Ն150 mmHg) for the duration of the experiments. MAP (in mmHg) was similar between treatment groups under baseline conditions ( Table 1 ). During hypoxia, MAP decreased, as is usually observed in anesthetized rats; this decrease was similar between treatment groups, and MAP returned to near-baseline levels by the completion of an experiment (Table 1) .
Short-term hypoxic phrenic responses. Baseline measurements of the frequency and amplitude of peak integrated inspiratory phrenic nerve bursts were similar for all treatment groups; therefore, normalization to baseline measurements was appropriate to quantify pLTF magnitude. In rats that received vehicle or drug injections before AIH, hypoxia elicited a rapid increase in phrenic burst amplitude that was significantly elevated from baseline (vehicle: 110 Ϯ 11%, n ϭ 7; siTrkB: 100 Ϯ 11%, n ϭ 8; siBDNF: 84 Ϯ 9%, n ϭ 9; U0126: 118 Ϯ 14%, n ϭ 9, and PI-828: 129 Ϯ 20%, n ϭ 6; change from baseline, P Ͻ 0.001; Fig. 1 ). Hypoxia also elicited a rapid increase in phrenic burst amplitude in rats that received vehicle or drug after AIH that was significantly different from baseline (vehicle: 100 Ϯ 15%, n ϭ 8; U0126: 77 Ϯ 11%, n ϭ 8; change from baseline, P Ͻ 0.001; Fig. 1 ). No between-group differ- Fig. 3 . siTrkB RNA does not block BDNF synthesis-dependent pLTF. Comparisons were made for ͐Phr amplitudes from rats spinally injected with siTrkB RNA (n ϭ 8) versus siBDNF RNA (n ϭ 9). ͐Phr amplitudes from siTrkB-treated rats were not different from vehicle-treated rats (RNAi buffer, n ϭ 7) at 60 min post-AIH, whereas siBDNF treatment significantly inhibited pLTF at 60 min post-AIH. A group of rats treated with vehicle did not receive AIH (i.e., time controls, n ϭ 5). ͐Phr amplitude in vehicle-treated control rats was not different than baseline at any time point. Values are means Ϯ SE. #Significantly different from vehicle control; †significantly different from siBDNF treatment (P Ͻ 0.05). ences were detected in phrenic burst amplitude from either pre-AIH-treated rats (P ϭ 0.121) or post-AIH-treated rats (P ϭ 0.226).
pLTF requires new BDNF but not TrkB synthesis. Typical integrated phrenic neurograms during experimental protocols (first series) are shown in Fig. 2 . In vehicle (siRNA buffer, n ϭ 7)-treated rats, phrenic nerve burst amplitude was increased over baseline at 30 min (23 Ϯ 11%, P ϭ 0.015) and remained elevated at least 60 min post-AIH (53 Ϯ 9%, P Ͻ 0.001; Fig. 3 ). Phrenic burst amplitude was also significantly greater in vehicle-treated rats that received AIH versus those not exposed to AIH (i.e., time controls, n ϭ 5) at 60 min post-AIH (17 Ϯ 11%, P Ͻ 0.011; Fig. 3 ), thus confirming pLTF in these rats.
After pretreatment with siTrkB (n ϭ 8, 2 h before AIH), phrenic amplitude was increased over baseline at 30 min and beyond (30 min: 42 Ϯ 8% and 60 min: 68 Ϯ 9%, P Ͻ 0.001) and was not different from control rats that received only AIH at 60 min (68 Ϯ 9% vs. 53 Ϯ 9%, respectively, P ϭ 0.118; Fig.  3 ). Consistent with our previous report (2), phrenic burst amplitude from siBDNF-treated rats (n ϭ 9) was significantly decreased at 60 min post-AIH compared with vehicle-treated rats (17 Ϯ 5% vs. 53 Ϯ 9%, P Ͻ 0.001) and siTrkB-treated rats (68 Ϯ 9%, P Ͻ 0.001) but was not different from vehicle time control (AIH) rats at 60 min post-AIH (17 Ϯ 9%, P ϭ 0.968; Fig. 3 ). Thus, AIH-induced pLTF requires new BDNF synthesis but is independent of new TrkB synthesis.
Spinal inhibition of MEK/ERK activity blocks AIH-induced pLTF.
Since AIH-induced pLTF requires TrkB receptor activation (2), we wondered if "downstream" MEK/ERK and/or PI3K/Akt activity is necessary for pLTF. Typical integrated phrenic neurograms during the second experimental series are shown in Fig. 4, A and B . In rats pretreated with spinal injections of a MEK inhibitor (U0126; n ϭ 9), pLTF was significantly attenuated 60 min post-AIH compared with vehicle-treated rats (22 Ϯ 7% vs. 53 Ϯ 9%, respectively, P ϭ 0.004; Fig. 4, A and C) . Thus, AIH-induced pLTF requires activation of the MEK/ERK pathway. On the other hand, spinal pretreatment with a selective PI3K/Akt inhibitor (PI-828; n ϭ 6) had no effect on pLTF; at 60 min post-AIH, there were no significant differences between PI-828-and vehicle-treated rats (63 Ϯ 10% and 53 Ϯ 9%, respectively, P ϭ 0.370; Fig. 4 , B and C). A subset of rats received vehicle (control, saline, n ϭ 5) without AIH; in these rats, phrenic burst amplitude was not different from baseline at any time and was not different from U0126-treated rats at the 60-min time point (17 Ϯ 11% vs. 22 Ϯ 7%, respectively, P ϭ 0.664; Fig. 4 ). These data demonstrate that AIH-induced pLTF requires MEK/ERK but not PI3K/Akt activation.
MEK/ERK activity is necessary for pLTF development. A: representative phrenic neurogram after intrathecal MEK inhibitor (U0126) before AIH. B: representative phrenic neurogram after intrathecal PI3K inhibitor (PI-828) before AIH. C: comparisons were made for ͐Phr burst amplitudes from spinally treated rats (expressed as the percent change from baseline). ͐Phr burst amplitudes from rats pretreated (20 min before) with a MEK inhibitor (U0126, n ϭ 9) were decreased compared with vehicle treatment (n ϭ 7) at 60 min post-AIH. In rats pretreated with PI3K inhibitor (PI-828, n ϭ 6), ͐Phr burst amplitudes increased over baseline at 60 min post-AIH and were not different than vehicle treatment. Hence, MEK activity, not PI3K, is required for pLTF. Values are means Ϯ SE. #Significantly different from vehicle control; †significantly different from MEK inhibitor (P Ͻ 0.05).
vehicle (n ϭ 8) post-AIH to serve as a control. Representative phrenic neurograms of the third experimental series are shown in Fig. 5 . Phrenic burst amplitude in vehicle-treated rats increased from baseline at 30 min and beyond (Fig. 6) , indicating progressive pLTF. In U0126 post-AIH-treated rats (n ϭ 8), pLTF was evident but was significantly attenuated at 30 min versus vehicle-treated rats (34 Ϯ 11% vs. 50 Ϯ 10%, P ϭ 0.004) and at 60 min (32 Ϯ 12% vs. 70 Ϯ 13%, P Ͻ 0.001) and 90 min post-AIH (35 Ϯ 9% vs. 77 Ϯ 15%, P Ͻ 0.001; Fig. 6 ). Phrenic burst amplitude in U0126 post-AIH-treated rats was increased compared with vehicle control rats (no hypoxia, n ϭ 8) at 60 min post-AIH and beyond (60 min: 32 Ϯ 12% vs. 3 Ϯ 8%, P ϭ 0.047; and 90 min: 35 Ϯ 9% vs. 4 Ϯ 8%, P ϭ 0.034; Fig. 6 ), demonstrating residual pLTF. However, residual pLTF was unchanged between 30 and 90 min post-AIH, suggesting that further development of pLTF was effectively blocked.
To address concerns that spinal MEK/ERK inhibition alone affected phrenic activity, a subset of control rats received U0126 without AIH (n ϭ 8). In these rats, phrenic burst amplitude was not different than baseline at any time point (Fig. 6) .
Respiratory frequency facilitation. AIH-induced frequency LTF in anesthetized, vagotomized rats is generally small and inconsistent (3) . Phrenic burst frequency increased over baseline in vehicle-treated ras (10 Ϯ 3 bursts/min, P Ͻ 0.001) and siTrkB-pretreated rats (6 Ϯ 2 bursts/min, P ϭ 0.016) at 60 min post-AIH (Fig. 7A) . Burst frequency differences were not detected between vehicle-and siTrkB-treated rats (P ϭ 0.129). In rats pretreated with siBDNF, burst frequency was not increased at 60 min post-AIH (2 Ϯ 3 bursts/min, P ϭ 0.66) and was decreased relative to vehicle-pretreated rats (60 min, P ϭ 0.003). In vehicle time control rats, phrenic burst frequency was not different than baseline at any time point (15 min: 1 Ϯ 1 bursts/min, P ϭ 0.66; 30 min: Ϫ1 Ϯ 3 bursts/min, P ϭ 0.77; and 60 min: Ϫ2 Ϯ 1, P ϭ 0.66)3 and was significantly less than in vehicle-treated rats (P Ͻ 0.001) and siTrkB-pretreated rats (P ϭ 0.008) at 60 min post-AIH. Burst frequency responses in vehicle time control and siBDNFtreated rats did not differ 60 min post-AIH (P ϭ 0.127; Fig. 7A ). AIH; B) , MEK inhibitor (U0126, 12 l; C), and U0126 control (no AIH; D) treatments are shown. Post-AIH U0126 attenuated pLTF at 60 and 90 min compared with vehicle-treated rats exposed to AIH.
Phrenic burst frequency in rats pretreated with the PI3K inhibitor was increased over baseline at 60 min post-AIH (6 Ϯ 2 bursts/min, P ϭ 0.005; Fig. 7B ). However, phrenic burst frequency after MEK inhibition was not different from baseline at the 60-min time point (2 Ϯ 1 bursts/min, P ϭ 0.144) and was significantly decreased from vehicle-treated rats at 60 min post-AIH (P ϭ 0.048; Fig. 7B ). In contrast, phrenic burst frequency in rats that received spinal MEK inhibition post-AIH was increased over baseline at 60 min (7 Ϯ 2 bursts/min, P Ͻ 0.001) and 90 min (6 Ϯ 2 bursts/min, P ϭ 0.001; Fig. 7C ). In rats that received vehicle post-AIH, phrenic burst frequency was increased over baseline at 90 min (6 Ϯ 2 bursts/min, P ϭ 0.003). Phrenic burst frequency in control rats that received either vehicle alone or U0126 alone was not increased above baseline at any time point (Fig. 7C ).
DISCUSSION
Here, we demonstrate that neither new synthesis of spinal TrkB nor PI3K activity is required for AIH-induced pLTF. These conclusions are supported by findings demonstrating that spinal siTrkB had no effect, whereas siBDNF blocked pLTF (Fig. 3) . The requirement for new BDNF synthesis confirms our earlier report (2) . In both cases, the specific siRNA sequences and doses used were validated to have the intended effect when used in this same experimental preparation (2, 16) . On the other hand, tyrosine kinase activity is necessary for both AIH-induced pLTF (2) and A 2A receptorinduced pMF (16) . However, to date, there are no clearly identified signaling mechanisms downstream from TrkB that underlie pLTF expression and/or development.
Here, we provide the first direct evidence that activation of the MEK/ERK signaling pathway is necessary for AIH-induced pLTF, whereas no clear role for PI3K/Akt signaling was found. MEK/ERK activity appears to be involved in a distinct phase of pLTF since 1) pretreatment with U0126 blocked pLTF (Fig. 3) , whereas 2) U0126 administered after AIH halted the development of further pLTF but did not block initial pLTF expression ( Fig. 6) .
Distinct mechanisms of pMF. These results provide evidence showing that AIH-induced pLTF and pMF induced by G s protein-coupled metabotropic receptors arise from distinct cellular mechanisms. AIH-induced pLTF is induced by the activation of G q protein-coupled metabotropic receptors (i.e., 5-HT 2 ) and requires new BDNF synthesis (2), mature TrkB activation, and subsequent activation of the MEK/ERK pathway. We refer to this mechanism as the "Q pathway" to pMF since it is initiated by G q protein-coupled receptors (7) . In contrast, the "S pathway" to pMF is induced by the activation of G s protein-coupled metabotropic receptors [i.e., A 2A and 5-HT 7 receptors (16, 19, 21) ], requires new synthesis of an immature TrkB isoform, is independent of new BDNF synthesis, and requires downstream signaling via the PI3K/Akt pathway (7) . Future studies are necessary to reveal the respective roles of these distinct mechanisms in different physiological conditions and the nature of the interactions between them (43) .
New protein synthesis is critical for phrenic motor plasticity. Translational regulation of new protein synthesis is fundamental to many forms of synaptic plasticity (36, 48, 51) . For example, new BDNF synthesis is necessary for AIH-induced pLTF (2) , whereas synthesis of an immature TrkB isoform is necessary for the S pathway (7, 16) . Although the specific trigger for increased translation of BDNF mRNA has not been identified, we confirm here that impaired translation of spinal BDNF mRNA with siRNAs targeting BDNF mRNA blocks pLTF (2) .
A 2A receptor activation constrains pLTF expression (19) , suggesting that the S pathway is marginally activated by AIH but, in fact, inhibits the Q pathway (7) . Recently, we (20) demonstrated that other spinal G s protein-coupled receptors also elicit pMF, such as spinal 5-HT 7 receptor activation. Hence, we wondered whether signaling via the S pathway "downstream" of G s protein-coupled receptor activation (i.e., immature TrkB) contributes to AIH-induced pLTF. However, the RNA inhibition experiments performed here provide contrary evidence since new TrkB is not necessary for AIHinduced pLTF. Instead, the TrkB activation (critical for AIHinduced pLTF) likely results from ligand interactions (i.e., BDNF binding) with the mature TrkB isoform (2) .
Spinal MEK/ERK signaling is required for pLTF expression. BDNF activates ERK1/2 in multiple neuronal cell types (17, 46, 55) , including spinal motor neurons (25) . ERK1/2 activation is required for multiple forms of synaptic plasticity (50), including hippocampal long-term potentiation (12) and intermediate-term facilitation of the sensorimotor synapse in Aplysia (37) . Activated (phosphorylated) ERK1/2 may contribute to pLTF by controlling the synthesis of "proplasticity" proteins via translational regulation (22) .
We propose that AIH triggers new BDNF protein synthesis, which, once released from phrenic motor neurons, acts preand/or postsynaptically by activating TrkB receptors and, subsequently, ERK1/2. To date, little direct experimental evidence supports the involvement of ERK1/2 in AIH-induced pLTF. However, AIH increases ERK1/2 phosphorylation in the ven- (16) . Thus, indirect evidence supports a role for both kinases in different forms of phrenic motor plasticity (7) . Here, we provide the first direct evidence that MEK/ERK (not PI3K/ Akt) activation is critical for AIH-induced pLTF.
Multiple pathways to pMF. Many lines of evidence are emerging suggesting that multiple distinct cellular mechanisms give rise to long-lasting pMF (7) . For example, pMF results from episodic spinal administration of 1) 5-HT (33), 2) 5-HT 2 receptor agonists (31), 3) BDNF (2), 4) A 2A receptor agonists (16), 5) 5-HT 7 receptor agonists (20), 6) VEGF (9), and 7) erythropoetin (8) . We propose that each molecule ultimately activates a limited number of downstream signaling pathways that converge on TrkB receptor signaling via either MEK/ERK and/or PI3K/Akt to elicit pMF. The two pathways investigated in this paper (the Q and S pathways) elicit pMF via distinct mechanisms characterized by distinct G protein-coupled metabotropic receptors (G q vs. G s ), their requirements for BDNF versus TrkB synthesis, and MEK/ ERK versus PI3K/Akt activation.
Since new BDNF synthesis and ERK activation are required, we propose the predominant mechanism of AIH-induced pLTF Values are means Ϯ SE. #Significantly different than baseline; ‡significantly different than siBDNF; †significantly different than vehicle (pre-AIH treatment); significantly different than MEK inhibitor (pre-AIH); $significantly different than vehicle control (post-AIH); &significantly different than MEK inhibitor control (post-AIH) (P Ͻ 0.05).
is the Q pathway to pMF. It is not yet known when and how G s protein-coupled receptors interact with mechanisms of AIHinduced pLTF, although spinal application of A 2A receptor antagonists amplify AIH-induced pLTF (19, 43) . Thus, activation of the S pathway to pMF restrains (rather than augments) the Q pathway via "cross-talk inhibition." On the other hand, 5-HT released during AIH activates multiple receptor subtypes coupled both to G q (e.g., 5-HT 2 receptors) and G s proteins [e.g., 5-HT 7 receptors (6)]. Thus, AIH-induced pLTF via 5-HT 2 receptor activation may normally be limited (constrained) by coincident activation of G s protein-coupled serotonin receptors.
Significance. Although our understanding of the detailed cellular/synaptic mechanisms giving rise to pLTF remains incomplete, considerable progress has been made in recent years (3, 32, 34, 41) . A detailed understanding of these cellular mechanisms is necessary to fully appreciate the biological significance of pLTF. For example, hypoxic episodes simulating apneas (Ͻ25 s) induce pLTF and hypoglossal LTF (35, 44) , suggesting that realistic apneas are sufficient to elicit this mechanism. Facilitation of upper airway motor neurons, which preserve upper airway patency (e.g., hypoglossal LTF), may play a compensatory role, stabilizing breathing during sleep (5, 34, 45) . On the other hand, one study (38) has suggested that ventilatory LTF destabilizes breathing via increased chemoreflex loop gain. The net balance of stabilizing/destabilizing influences may depend on the specific physiological (or pathological) condition in which LTF is induced.
From a clinical perspective, an understanding of the cellular/ molecular events that underlie pLTF may aid in the development of strategies to "harness" respiratory plasticity for the treatment of ventilatory insufficiency (41) . For instance, defects in 5-HT-and/or BDNF-dependent plasticity may contribute to severe respiratory control disorders, including obstructive sleep apnea (27, 52) , apnea of prematurity (14) , sudden infant death syndrome (13, 24) , and respiratory instability in patients with Rett syndrome (40) . We have only begun to develop an understanding of the basic mechanisms underlying pLTF (or pMF) and to appreciate its potential significance in the treatment of important clinical disorders.
